In Rapid Prototyping (RP) parts are manufactured layer-upon-layer. The part accuracy primarily influenced by process parameters, material, geometry of parts and types of RP technology used. This work presents the comparative study of dimensional accuracy, form error (roundness, flatness and cylindricity), surface roughness, cost analysis and tolerance grade of a automotive parts (connecting rod) generated through fused deposition modeling system (Ultimaker-2, MakerBot Replector-2) and polyjet 3D printing system (Objet30). CATIA-V6 was used for the 3D modeling and coordinate measuring machine (CMM) was employed for the measurements of dimensions. Optical profilometer was considered to measure the surface roughness of component. ISO UNI EN 20286-I (1995) and DIN 16901 standards was used for the evaluating IT grades for each selected dimension. Total cost of prototype generated by different 3D printers was calculated on the basis of cost of build material, cost of support material, labour cost and machine cost. The results of measurement show that quality of prototype fabricated by Objet30 is better than Ultimaker and MakerBot. Form error and surface roughness of objet30 printer was good enough to produce industrial grade prototype. The novel contribution of this work lies in the fact that no such studies was conducted using complex shape geometry in the archival literature.
INTRODUCTION
Prototypes are the most important for the realization of concepts in design analysis and manufacturing [1] . Prototyping is the first steps in product development and manufacturing. Rapid Prototyping has becoming as a solution to manufacturing industry globally [2] . Rapid prototyping (RP) is a technology that can fabricate prototype rapidly and efficiently any three-dimensional (3D) physical model without the restrictions of geometric complexities. Many of the RP technologies have been developed over the past several decades [3] . Some of the techniques being commonly used for the prototyping are stereo-lithography apparatus (SLA), fused deposition modeling (FDM), selective laser sintering (SLS), poly-jet amongst many other processes [4] . In 1983 Charles (Chuck) has invented the first stereo-lithography (SLA) machine, patented in 1986 and commercial available in 1988, which is a form of additive manufacturing (AM) technology used for creating models, pattern making, scaled model etc. in layer by layer fashion using photo-polymerization process. RP is also applied to direct manufacture of components in small to medium sized batches [5] . RP has potential to reduce the manufacturing lead time of the product up to 50 %, even when the relative part complexity is very high [6] . Poly-jet technology is an RP technology that utilizes a high precision 3D printing process. The poly-jet process utilized ink-jet technology combined with ultraviolet (UV) light for the curable materials (photo-polymers) to produce accurate physical prototypes with small layer thicknesses [7] .
Dimensional accuracy and surface quality of objets fabricated using many RP processes is generally poor due to the staircase effect., 2015 [8] . Dimensional accuracy is primarily influenced by the process parameters and types of material. Garrett et al., 2015 [9] have carried out experimental investigation using design of experiments (DOE) testing protocol to evaluate dimensional accuracy of FDM part. The process parameters used in FDM process during fabrication is dominant factors which define the quality and functionality of any manufactured part. Owing to this reason, several studies have carried out to develop a statistical model between the processing conditions and dimensional accuracy of parts built by FDM process [10] [11] [12] . Selective laser sintering is also very popular RP techniques sued for the prototyping. Several studies have conducted to develop optimum process parameters for the SLS [13] [14] [15] . Stereolithography is one of the oldest rapid prototyping techniques, still frequently used due to its better Nizam et al. [16] ; Onuh and Hon [17] ; Zhou et al. [18] have attempted to optimizing the process parameters for improving the DA and quality of surface manufactured by stereolithography. Vacuum casting is very popular for the investment casting and pattern making for the mold design. For this resign good DA, shape and surface quality become primary importance. Several attempts have made to optimize process parameters [19] [20] .
In this work, automotive component (connecting rod) was considered to compare the process capabilities of three 3D printers namely Objet30 (polyjet), Ultimaker (FDM) and MakerBot (FDM). Comparative studies were carried out on the basis of DA, form error (flatness, cylindricity and circularity), cost of the prototype and international tolerance (IT) grades.
DETAILS OF THE EXPERIMENTS AND DATA ANALYSIS

Details of FDM machine
Fused Deposition Modeling (FDM) is the second most widely used rapid prototyping technology, developed in 1988 and commercially available in 1992. A plastic filament is unwound from a coil and supplies material to an extrusion nozzle. Nozzle is heated to melt the plastic has a mechanism which allows the flow of the melted plastic to be turned on and off [21] . The nozzle is mounted to an X-Y plotter type mechanism to trace out the part contours. There is a second extrusion nozzle for the support material (different from the model material). Nozzle is moved over the table in the required geometry, it deposits a thin bead of extruded plastic to form each layer and plastic hardens immediately after being squirted from the nozzle and bonds to the layer below. This process continued and part is buildup layer by layer. The schematic diagram of the FDM machine used in the experimentation is shown in Figure 1 . A CAD model, created in CATIA V6, is first tessellated and sliced into layers of 0.1mm thickness to get contour information of each layer. In this study PLA plastic material is used for both build as well as support material. PolyJet 3D printing technology is developed by Israeli company Objet Geometries Ltd in 2000. It is a potentially encouraging replacement for stereolithography. In this method photopolymers are used for both build as well as support material. Inkjet head is use to layer wise deposition for both builds and support materials. It subsequently completely cures each layer after it is deposited with a UV flood lamp mounted on the print head. The support material which is removed by washing it away with pressurized water in a secondary operation. In this work RGD-840 was used as build material and SUP705 for support materials. Thickness of each layer is around 28 µm. The schematic diagram of the polyjet machine used in the experimentation is shown in Figure 2 .
3-D modelling of the scaled model radial engine connecting rod
In the recent years, digital fabrication has slowly infiltrated the field of prototype making. At present there are more than twenty different types of 3D printers are available for the rapid prototyping. In order to analyze the effect of DA, shape error, surface roughness, cost of prototype and tolerance grade scaled model of radial engine connecting rod was consider as a case study. For creating the geometry 3D CAD software CATIVA V6 was used. Figure 3 shows the dimensions of the selected component. The 3D CAD model of the specimen used in the experiment is as shown in Figure- 
Digital fabrication of the component
For comparing the process capability of the selected RP technology (Objet30, Ultimaker and MakerBot) component fabricated at the optimum process parameters conditions of each printer. VeroBlue840 was used as the build material and SUP705 as support material for the Objet30 printer. For Ultimaker and MakerBot, polylactic acid (PLA) was used as build and support material both. Figure 5 shows the printing of automotive component through Objet30. Figure 6 (a) shows the fabricate component by Objet30, Figure 6 
Measurement of dimension
The coordinate measuring machine (CMM) as shown in Figure 7 , was used for the measurement of linear as well as radial dimension of the automotive component (connecting rod and piston). For connecting rod total 12 linear dimension, 4 radial dimension and 4 circular dimensions were measured. Total 9 linear dimensions were measured along the print bed (X-Y axis) and 3linear dimension were measured perpendicular to the print bed (Y-Z axis) as shown in Table 1 and Table 2 respectively. Table 3 shows the measured radial dimensions for the connecting rods and Table 4 shows the circular dimensions. 
Measurement of roundness, cylindricity and flatness
For checking the circularity of cylindrical portion (big end), roundness was measured by using coordinate measuring machine (CMM). Table 5 shows the measured value of form error (roundness, cylindricity and flatness) in the selected component. Figure 8 (a) shows the graphical representation of roundness in big end of the connecting rod of Objet30. Figure  8 
Measurement of surface roughness
The measurement of surface roughness was performed by using optical profilometer as shown in Figure 9 . Surface roughness of connecting rod was measured on top surface only. All the surface roughness parameters Ra, Rz and Rq were measured for both polyjet and FDM printed component. Table  6 shows the measured value of surface roughness. Figure 10 (a-c) shows the variation of surface roughness and 3D surface of SR for the printed component along the length. Figure 11 shows the comparative analysis of average percentage error in DA of polyjet and FDM technology. Four different types of dimensions were selected for the analysis i.e. linear dimension in X-Y plane, linear dimension Y-Z plane, radial dimension and circular dimension. Table (1) (2) (3) (4) shows the measured dimension in terms of average percentage error. It is observed that the dimensional accuracy of polyjet is better than the FDM components except along the Y-Z plane. It was also noticed that most of the dimensions are smaller than the CAD model dimension due to the shrinkage occurs during the sintering of component. In FDM shrinkage was found more as compared to polyjet technology. In FDM process there are always present air gapes which lead to the shrinkage. Along the Y-Z plane polyjet always produce dimension greater than the actual dimension because it forms a base on platform which yields the large size. The average percentage error in radial and circular dimension in the component produced by Table 5 . For perfect cylinder the value of cylindricity is '0'. In our analysis it was found that cylindricity in the component fabricated by objet 30 is 0.0001, which is close to '0'. Table 6 , shows the measured value of various surface roughness parameters namely; average surface roughness (Ra), mean average surface roughness height (Rq) and average peak to valley height (Rz). The variation of surface roughness and 3D plots of the surface roughness parameters are as shown in Figure 10 (a-c) The completive analysis of the measured surface roughness is as shown in Figure 13 . The experimental results revealed that component generated through polyjet technology have superior surface quality than FDM components. The roughness parameter Rz is much greater than Ra and Rz value, it implies that the surface irregularities is high in the components fabricated by using additive manufacturig technology.
RESULTS AND DISCUSSION
Analysis of dimensional accuracy
Cost analysis
Cost analysis of additive manufacturing is important parameters for the designers while selecting the RP technology for printing the components. Cost analysis is very difficult for any RP technology because it depends on the number of factors which are locally vary place to place. However in this paper cost analysis was calculated as per the Indian scenario. The factors which are mainly influence the cost are amount of materials (build and support) consume, machine cost and labors cost. Total cost was calculated by using Eq. (1). Figure  14 show the summary of cost analysis report of this study. Tc = Cb*Ab+Cs*As+ (tpre + tpost) Clc +tpre* Cm (1) where, (Tc) is the total cost in (INR), Cb is the unit cost per kg of build material in (INR), Cs is the unit cost per kg of support material in (INR), Ab is the amount of build material consumed in (Kg), As is the amount of support material consumed in (Kg), tpre is the preprocessing time in (hrs), tpost is the post processing time in (hrs), Clc is the labour cost and Cm is the machine cost in (hrs). 
where, 'D' is the geometric mean diameter, Dn is the nominal dimension and Dm is the measured dimension. implies that better dimensional accuracy. Table 8 shows the IT grade of radial dimension. Likewise linear dimension radial dimension also have different IT grade for the different size. Most of the radial dimension generated through Objet30 have lower IT grade. 
CONCLUSIONS
In this paper comparative study of process capability of three different 3D printers namely Objet30, Ultimaker and MakerBot have been evaluated. For the purpose of analyzing this technology automotive component (connecting rod) was selected. comparison was carried out on the basis of linear DA, radial DA, circular DA form error (circularity, cylindricity and flatness), surface roughness, cost of the component and IT tolerance grade. ISO UNI EN 20286-I (1995) and DIN 16901 standards was used for the evaluating IT grades for each selected dimension. The major finding of this research work was highlighted as:
(1) The average percentage error in DA along XY plane (build platform) for Objet30 (0.99 %), Ultimaker (1.69 %) and Makerbot (1.63 %) were found. Objet30 has minimum percentage error along the XY plane.
(2) The average percentage error in DA along YZ plane (perpendicular to build platform) for Objet30 (2.24 %), Ultimaker (1.56 %) and Makerbot (1.11 %) were found. MakerBot have minimum percentage error along the YZ plane.
(3) In case of radial dimension average percentage of DA of objet30 (0.53 %), Ultimaker (0.92 %), MakerBot (1.75 %) were found.
(4) Average percentage error in circular dimension of Objet30 (0.74 %), Ultimaker (2.34 %) and MakerBot (1.86) were found.
(5) Component generated through polyjet technology (objet30) have minimum form error. The measured value of form error for Objeted-30 was roundness (0.0686 mm), cylindricity (0.0001 mm) and flatness (0.1630 mm).
(6) All the surface roughness parameters Ra, Rq, Rt, Rv, Rz and Rv was measured by using optical profilometer. Table  shows the measured value of surface roughness in (nm). Component fabricated through Objet30 have minimum surface roughness. (7) Cost analysis of the component was calculated based on the build material, support material, labour cost and machine cost. 
